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ABSTRACT

Studies of the annealing of irradiated Tithium doped silicon solar cells
indicate considerable improvement over previous cevices. Float zone lithium

14 2

doped solar cells after 3x10° " e/cm” at 1.0 MeV have exhibited recovered maximum

power points as high as 95% under solar illumination and about 90% under tungsten

1 . .
5 e/cm2 recovered maximum power points of

illumination. Similarily after 3x10
80% under solar illumination and 70% under tungsten illumination have been observed.
In each case room temperature half anneal times are of the order of an hour.
CrucibTe Tithium doped solar cells exhibit the same recovery characteristics at
about 80°C while being considerably slower at room temperature. However, wide
deviations in response characteristics are observed between groups and manufacturers
which can not be reconciled by any of the known material or processing variables
utilized in the production of the solar cells. Redistribution and carrier removal

1 which

studies indicate a lithium removal rate during irradiation of 0.05 cm”
appears to result in a lithium-vacancy defect site active as a recombination
center. Subsequent annealing results in further loss of 1ithium, implying a
lithium-vacancy-Tithium defect site which is inactive in the recombination process
resulting in recovery of electrical characteristics. Minority carrier lifetime
versus temperature measurements on both crucible and float zone lithium doped

solar cells further confirm the absence of the A-center as a dominant recombination

site in Tithium doped n~type silicon.



I. INTRODUCTION

This final report covers_activities durjng a one-year perjodxof pgrfprmgn;e
on JPL Contract No. 952251.. The work presented here_jﬁc]yﬁeé_pya]ugtipn of
current state-offthe-art;1ithjumvdoped siliconﬁso]arvceljs_undgr,e]ectron ir-
radiation and some basic determinations of various semiconductor parameters of
interest under the influence of 1j§hium interactibnslwith radiation induced
defects. The evaluation program consisted of time dependent measurements of

14 2

float zone 1lithium doped silicon solar cells irradiated at 3x10° " e/cm™ and

3x10]5 e/cm2 with 1 MeV electrons followed by storage at room temperature. The

evaluation of crucible lithium doped silicon sular cells was performed at storage

15 o/cn? with 1 Mev

temperatures of 60°, 80° and 100°C after irradiation to 3x10
electrons. Lithium concentration and gradient near the junction were determined
through capacitance voltage measurements.

In addition to the evaluation program a number of techniques were used to
evaluate the physical properties of lithium doped: silicon in an effort to better
understand the kinetics of the Tithium interactions that result in rapid radia-
tion damége annealing. Lithium redistribution studies were performed to determine
the optimum diffusion schedule for the production of an adequate lithium concen-
tration in the active volume of a silicon solar cell. Carrier removal studies
have been performed to determine the role of the various impurities in the
formation and removal of radiation induced defect sites. Minority carrier 1i%e-
time versus temperature recombination studies have been performed in an attempt
to identify the dominant recombination center in Tlithium doped n-type silicon.

In addition capacitance versus temperature measurements have been performed to

demonstrate useability of this technique for the acquisition of additional

information on the energy levels of radiation induced defect sites. Lang X-ray



topography was attempted in an effort to determine if large 1ithium precipitation
sites could be observed in silicon. Finally, other types of defect sources

such as lithium hydride and other types of cell structures such as n/p lithium
doped cells have been investigated for their potential value. The following
sections of this report describe in detail the results of the principle efforts
mentioned here and their resulting impact on the potential future worth of the

Tithium doped silicon solar cell as a useable radiation resistant device.



II. LITHIUM SOLAR CELL EVALUATION

In this phase of the program a considerabie number of lithium abpé& silicon
selar cells manufactured b} CehtreTab; Heliotek end Texaé instfuments have'beeh
evaluated as a function of time and:temperature'after electron ifradietioﬁ. A
large number of processihg and maferiallparameterﬁ were variee in an effort to
optimize the lithium solar cell ahﬁea1ihg characteristics and to determine the
effect of the various parameters oh:these'ehaﬁaeterféticé; VThe”prfncipaiy
variables were time and tempeketure'of nitial 1ithium diffusion, time and
temperature of the redistribution diffusidh, mahner of applying the Tithium
source, type of silicon base material, primary dopant, resistivity,'ahd seq&eﬁce
of processing. For all of the various grbups of ce]is evaluated, the associated
material and processing Variab1es are‘given in Table I. |

There were two test schedu]és utilized for the solar cell evaluations.

For the float zone Tithium doped so]ér cells two levels of irradiations were
performed -at 3x1014 e/cm2 and 3x1015 e/cm2 at 1 MeV. I-V characteristics were
then obtained as a function of time with storage at room tempereture. For the
crucible 1ithium doped solar cells,the frradiation was performed at only one
level of 3x1015 e/em2 and tihe dependent I-V characteristics were obtained for
three different storage temperatures of 60°, 80°, and'100°C. ‘This approach wa§
necessary since room temperature annealing for the crucible solar cells is too
slow to acquire sufficient méaninéfh] data in a reasonable period of time. Extra-
polations of the temperature’dependenf annealing times to room temperature were
then'acquired.

The detailed response ofAeach fhdividua] group of cells will be.discussed
in detail later. The general charatteristics\of the reéponse of the entire group
of cells can be summariied as shown in Tables II and III. Table II i]10$tretes

for crucible Tithium ddped solar cells the various response parameters of interest.



Each cell group is identified by its code number, diffusion schedule, lithium
concentration at the junction, and irradiation 1eve1. The 1ﬁitia1 levels and
recovered levels are shown for short circuit current only inasmuch as principa]in-
terest is in the effect of Tithium on radiation response under tungsten illumin-
ation. Although there were some minor differencés in I-V characteristics |
among the groups, which will be discussed later, the short circuit current
represents the principal measurement of interest for this evaluation. The
recovered levels given in the table are the peak of the recovery curve and do

not take into account any redegradation thaf occurred in some instances. The
one-half recovery time is that point at which one-half of the recovery that was
ultimately achieved occurred. The C versus V slope is an indication of the
gradient of the dopant concentration at the junction and as such is indicative

of the presence of Tithium near the junction region. In the event of a step
function junction or very low 1lithium concentration at the junction, a -1/2 slope
is evidenced. A -1/3 slope implies a linear gradient of carriers near the
Jjunction, which is indicative of a moderate amount of lithium diffusion to the
junction region. A -1/4 slope implies a quadratic donor concentration gradient
near the junction indicative of heavy 1lithium concentration due to the typical
diffusion characteristic which exhibits an error function relationship. 1In
general it can be observed that the higher Tithium concentrations result in lower
initial characteristics, higher recovered levels, and rapid annealing rates. In
those cases where low Tithium concentrations are observed as evidenced by both
lithium concentration and the capacitance voltage slope, higher initial levels
with 1ittle or very slow annealing rates are observed. There are, thever, many
deviations from these general response characteristics which will be discussed in
detail in 1ater‘sections. One of the important’factors illustrated by the data

in Table II is the fact that at slightly elevated temperatures the crucible



lithium solar cells have annealing rates equal to room temperature annealing of
float zone ce]ls. -

In Table IIT the results of the evaluation of the float zone lithium doped
silicon solar cells are shown. The various parameters i]lustrated ére the same
as those discussed in the previous table. The response characteriétics'at
room temperature are very similar to thosg pf_tﬁe crucible cells at é]evated
temperatures and exhibit the same general trends. _As‘in tHe case of the crucible
cells, however, there are a number of large deviations, in parficu]ar the
remarkable performance, both initia]]y)and after'irradiation, of the T6 group
of cells. One fact that remaihs evident tHroughout the course of the program is
that large deviations in 1lithium doped so]af cell characteristics occur which
can not be accounted for by any of the variables identified at this time. It
is suspected that some material parameter such as oxygen concentration or manu-
facturing techniques associated with either the boron or the Tithium diffusion
may account for some of the wide differences‘observed. In any event, the results
clearly show that for certain groups of cells the radiation resistance of the
Tithium doped silicon solar cell is remarkably good and represents a considerable
improvement over the contemporary 10 ohm-cm n/p silicon solar cell.

The recovery ability of the entire group of cells is summarized in Table IV
which illustrates the rank of the various groups of cells, their maximum recovered
level, and their associated one-half recovery time. Those cells which exhibit
little or no annealing are nbt included. Presentation of the data in this form
implies that as a group the Texas Instrument§ solar cells performed remarkably
well. Although this fact is evident for the recovered level of the short circuit
current, the tendency of the Texas Instruments cells as a whole to exhibited
deterioration of the maximum power point negates some of their superior response.
Furthermore, since all these measurements were performed under tungsten illumina-

tion, differences between the groups of cells in their radiation response is



considerably amplified. Under solar illumination a cohsiderdb]y smaller
fraction of the output is associated with the bulk response and hence
differences between the cells would be considerably reduced.

For purposes of adequate comparison of lithium doped cells to
conventional n/p 10 ohm-cm contemporary cells, a group of standard cells
provided by Heliotek and Centralab has also been irradiated with 1 MeV
electrons as shown in Figure 1.  As is evident in the figure, which contains
within the band data on 12 separate cells from both manufacturers, the
reproducibility of the conventional cell within a group and between manu-

15 e/cm2 the standard

facturers is very good. It is observed that after 3x10
cells exhibit a degraded short circuit current of 33-35 ma. In comparison
with some Tithium doped p/n cells which exhibit annealed short circuit
currents of greater than 35 ma., it is clear that the annealed lithium cell
is significantly better than the conventional cell under electron bombard-
ment to these moderately high fluences. Under proton and neutron irradia-
tion, it has also been shown that the 1ithium cell when annealed is clearly
superior to the conventional cell. A similar comparison can be made for

14 e/cm2 where the conventional cell has an output of

fluences of 3x10
46-49 ma. compared to the lithium doped groups with an annealed output of
about 52 ma. short circuit current. In all of the recovery curves to be
presented in later sections the corresponding n/p 10 @-cm degradation
levels shown in Figufe 1 are indicated for rapid comparison of the maximum

recovered level of the lithium doped solar cell with the contemporary n/p

solar cell response.



There were in general several instances of anomalous behavior of two
different types. The first type of anomalous behavior was apparent failure
of the junction characteristic due to lithium diffusion or dep]etion resulting
in reduction in the I-V characteristic at the maximum power point. The
second type of anomalous behavior is short circuit current redegradation
accompanied by continued annealing of the open circuit voltage. Figures
2 and 3 illustrate the power point degradation and short circuit current
redegradation observed in some cases. The groups of cells evidencing maximum
power degradation were C5C, C5B, C6A, H6, T7 and T4. Although in most
cases this effect was minor, there were several incidences of complete
collapse which will be discussed later. The group of cells exhibiting
redegradation tendencies included C1, T2, T3, T4, T5 and T6. As in the
previous case, these tendencies were minor and usually amounted to 10% or
less.

In Figure 4 a summary of annealing time versus storage temperature is
presented for the crucible cells. As is evident in the figure, the slopes
are consistent with lithium diffusion in the presence of oxygen with an

activation energy of slightly less than 1 ev. The only dep§rture from

! 1(-, .

this characteristic is the T7 group of cells which do not respbnd in a
normal fashion or exhibit a meaningful slope. Room temperature annealing
times are obtained for each group of cells through extrapolation of this
data. Due to the very rapid annea1ing'rate and peculiar activation energy
of the T7 group, the room temperature annealing rate Wés deteriined experfli |

mentally and, as shown in Figure 4, does not agree with the higher tempera-

ture slope.



Figures 5 and 6 illustrate the initial output and the recovered output
as a function of Tithium concentration. The solid lines in Figure 5 are the
data obtained in the previous year's efforts whereas the data points show the
characteristics of the various groups of cells evaluated in this year's program.
The general trend of decreasing output with increasing 1ithium concentration,
although widely scattered, is fairly evident. Of particular interest, however,
is the fact that the Texas Instruments cells as a whole exhibit a significantly
higher output than the other groups of cells for given lithium concentrations.
In Figure 6 the maximum recovered short circuit current is plotted as a function
of Tithium concentration at the junction. In general, the float zone lithium
doped cells exhibit higher recovered short circuit currents than crucible
Tithium doped cells for a given lithium concentration. However, once again the
T7 group of crucible Tithium doped cells was anomalous in that it exhibited
characteristics more typical of float zone Tithium doped cells in maximum
recovered short circuit current.

It has been previously hypothesized that edge effects produced by different
Tithium concentrations at the edge of the cells relative to the center of the
cells may be responsible for the lack of complete recovery of short circuit
current. To test this hypothesis, Texas Instruments manufactured several groups
of cells in an identical fashion with the exception that one group was diffused
as a whole slice and then cut after 1ithium diffusion to produce a uniform edge
while the other group was lithium diffused as cut cells in the normal fashion.
In the crucible cells,this group is represented by T7 fabricated in a normal
manner, and T8 fabricated as whole slices. A similar process was performed for
the float zone cells as T3 was fabricated in a normal manner whereas T5 was
fabricated as whole slices.. The data indicates insignificant differences due to

edge effects and in fact in each case the cells fabricated as whole slices appear



slightly inferior to cells fabricated in the normai‘fashion. It is concludéd,
therefore, that edge effects are not of primary 1mportahce in the Texas
Instruments manufacturing process and are probably not importént in the manu-

facturing process used by other manufacturers.

A. L{thium Doped Crucible Silicon Solar Cells

The recovery characteriétfcs of the C1 group of ce]is as a function of time
and temperature are shown in Figures 7 thrpugh 9. These cells exhibited
relatively good init1a1”cﬁaracteristics»and were among the more superior groups
of cells in maximum recovered levels even thdugh‘their Tithium concentration
was relatively low. These cells, however, did exhibit rather slow recovery
rates and have redegraded s]ightly’]esé than 5% aﬁ this time. The C2Z group
of cells shown in Figures 10 through 12 responded in a very anomalous fashion in
that very little anhea1ing was observed and no lithium was detectable in tﬁe
junction‘;égion as evidenced by capacitance measurements and capacitance versus
voltage slope. Considering the diffusion schedule that was used, the apparent
Tack of Tithium in the bulk region of the cell and near the junction is not
readily explainable. Anticipating that thé antimony dopant may have been
responsible for this anomalous behavior, since afsenic or phosphorus doped silicon
is normally used, a second group of cells (C6) was fabrfcated to determine the
effect of dopant on lithium diffusion. The groups C6A and C6B consisted of two
resistivities of antimony doped silicon and group C6C consisted of phosphorus
doped siTicon. The C6A group of antimony doped silicon consisted of rather low
resistivity material in the 3 to 16 ohm-cm range similar to the C2 group which
was in the 5 to 10 ohm-cm range. fhenCGA group, shown in Figures 13 through 15,
responded in a fashion similar to the C2 gfoup in fhat little annealing was

observed and lithium detection was not possible through capacitance measurements.
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The C6B group, however, utilizing a slightly hicher starting resistivity in

the 17 to 85 ohm-cm range exhibited good initial charactéristics and good
recovery characteristics, as shown in Figures 16 through 18. The C6C group
utilizing phosphorus doped silicon in the same resistivity range as the CGB

group exhibited identical characteristics both initially and during recovery,

as shown in Figures 19 through 21. It is concluded, therefore, that antimony

as a dopant is not responsible for the anomalous behavior of the

C2 group but rather the use of a starting material resistivity which is too

Tow and apparently inhibits Tithium diffusion. This effect can not be confirmed,
however, since these two groups represent the only groups evaluated using
starting material resistivites less than 20 ohm-cm. The C5A and C5C groups

of cells utilized identical starting material with different diffusion and
redistribution schedules. The C5A group, shown in Figures 22 through 25, was
diffused at a higher temperature for a shorter period of time with no redistribu-
tion and exhibited a high lithium concentration with corresponding poor initial
outputs; however, their recovery rates were very fast. The C5C group, shown in
Figures 26-28, by utilizing the slightly lower diffusion temperature for a longer
périod of time with a redistribution diffusion,exhibited good initial character-
istics and high recovery levels very similar to the C1 group previously discussed.
This group of cells, however, showed a tendency toward failure in the maximum
power point of the I-V characteristic of 5 to 10% after several hundred hours of
storage.

The recovery characteristics of the H1 cell group as a function of time and
temperature are shown in Figures 29 through 31. The H1 group exhibited relatively
poor initial characteristics and onTy average maximum recoveréd levels; however,
their recovery rate was very fast, i.e. of the order of 1 hour at 100°C. These

response characteristics are typical of cells with high 1ithium concentrations as
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indicated by capacitance measurements and the -1/4 capacitance versus voltage
slope. The H2 group was processed in an identical manner except 20 ohm-cm
material was used instead of 100-200 ohm-cm material. This group, shown in
Figures 32 through 34, éxhibited consideréb]y better initial outputs but
slightly poorer maximum recovery charactefistics relative to the Hl1 group.

The H6 group, shown in Figures 35/ through 37, was diffused at a slightly higher
temperature which should have raised the 1ithium concentration considerably.
Although the capacitance measurements did not indicate a significantly higher
1ithium concentration near the junction, the initial outputs were very low
indicative of high bulk 1ithium concentration. In addition, the maximum
recovered levels were poorer than the previous group. The performance of this
group of cells as a whole wasrelatively inferior to cells previously obtained
from this manufacturer utilizing the same diffusion schedules and also seemed
inconsistent with the C groups of cells which, while utilizing similar materials
and diffusion schedule, exhibited significantly different characteristics.

The performance of the Texas Instruments group of cells as a whole is
inconsistent with the two previous groups in that high initial outputs and high
maximum recovered levels are observed with very rapid annea]ing’rates. ‘These
cells are fabricated in a different fashion than the previous groups in that the
Tithium source is evaporated on the back surface instead of painted on and the
boron diffusion is performed using a different diffusion source. It is not known
at this time whether the better than average response of these cells is due to
either one or both of these factors. The T2 group of cells, shown in Figures
38 through 40, though diffused at a lower temperature, exhibited a very rapid
recovery rate relative té considerably slower recovery rates exhibited by the
C groups of cells with an identical diffusion schedule. In addition the initial

characteristics were very good and the maximum recovered level was the highest
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for this group of cells. The rapid annealing rate in conjunction with the
implied Tower 1ithium concentrations suggests a considerably Tower oxygen
concentration in this group of cells relative to the C groups of cells. Some
short circuit current redegradation of approximately 3% is observed while the
open circuit voltage continues to anneal. The T7 and T8 groups of cells, shown
in Figures 41 through 47, were both diffused at a significantly lTower temperature
for a much Tonger period of time and in addition the T8 group of cells was
fabricated as a whole slice to determine if edge effects,as previously discussed,
were an important factor. Since the T8 group of cells in general was inferior
in both initial output and maximum recovered level, the edge effect does not
appear to be a dominate factor in the recovery characteristic. The T7 group
exhibited excellent recovery characteristics similar to the T2 group. However,
considerable degradation of the maximum power point of 5 to 15% occurred. In
addition, as shown in Figure 4, the temperature dependence of the annealing
characteristic of the T7 groupwas not consistent with any of the other groups

of cells. The fact that the T7 group of cellswas so different frrom the T8 group
of cells when particular attention was devoted to duplicating the manufacturing
parameters for the edge effect test#hs not reconcilable, but may be due to the
use of starting material differences which were unspecified, such as oxygen
concentration. In any event the T2 group of cells was the most superior of

the groups investigated from the point of view of initial characteristics, recovery

characteristics, and long term stability of the I-V characteristic.

B. Lithium Doped Float Zone Silicon Solar Cells
The recovery characteristics of the C5 groups of cells,as a function of time,

are shown in Figures 48 through 51. The C5B and C5D groups were diffused with
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significantly different diffusion schedules to determine the effect of the
diffusion schedule on their radiation response characteristics. The CSB‘grqup
contained extremely high lithium concentration with a correqunding]y poor
initial output characteristic. The observed low recovery,leve]s'are due to

this poor initial output characteristic. The C5D group exhibited a considerably
lower 1lithium concentration with an average initia]‘output and a very good

maximum recovered level. However, the 3x1015 2

e/cm” irradiations appeared to
deplete the Tithium concentrations since all of the cells exhibited a complete
collapse of the I-V characteristic within a few hours after irradiation.
Immediately prior to the collapse of the I—V characteristic, the maximum
recovered level of one cell for the 3x10]5 e/cm2 irradiation had reached the
highest value observed to date for any lithium doped cells. Basic inconsistencies
exist for these two groups of cells since all of the identified manufacturing
and material parameters normally result in excellent cell characteristics as
opposed to the apparent collapse of this particular group of cells. As has been
nointed out before, there remains some unidentified material or processing
variable which strongly influences the characteristics of lithium doped silicon
solar cells.

The recovery characteristics of the H4 group of cells are shown in Figures
52 and 53. The H4 group of cells, though utilizing a relatively standard
diffusion schedule, exhibited very poor initial output characteristics and
associated poor recovery levels. This group of cells represents another instance
in which, using standard diffusion schedules and material parameters, lithium
doped cells are produced which are not»consistent with previously evaluated
cells or cells of very simi}ariprocessing parameters. The H5 group of cells,

shown in Figures 54 and 55, which was diffused at a significantly lower tempera-

ture of 350°C, exhibited negligible recovery characteristics which is consistent



with the absence of a detectable Tithium concentration at the junction. Clearly,
this diffusion schedule is insufficient to produce the required 1ithium con-
centrations and normal recovery characteristics. The H7 group of cells, shown

in Figures 56 and 57, utilized the same diffusion schedule as the H4 group but
exhibited very good initial outputs and excellent maximum recovered levels as
opposed to the poor characteristics of the H4 group. The‘H7 group was made from
Lopex material instead of conventional float zone material which might imply
that, other things being equal, Lopex material produces a significantly better
Tithium doped solar cell. However, previous evaluations and evaluations of

the Texas Instruments cells to be discussed later both indicate the use of

Lopex or float zone material has no effect on lithium doped solar cell charac-
teristics. Hence, comparison of the H4 and H7 groups of cells once again indicates
the presence of an unidentified variable in the production of 1ithium doped

solar cells which strongly influences their recovery characteristics.

The recovery characteristics of the T3 group of cells as a function of time
are shown in Figures 58 and 59. The T3 group of cells was diffused at a slightly
lower temperature utilizing no redistribution diffusion. These cells had good
initial characteristics and exhibited good recovery levels very similar to the
H7 group previously discussed. However, the T3 group of cells exhibited a slightly
inferior I-V characteristic relative to the {7 cells and have indicated short
circuit current redegradation of approximately 10% to date. The T4 group of
cells, shown in Figures 60 and 61, ‘was processed in the same fashion as the
T3 group except float zone material was used 1ns£ead of Lopex. The T4 group of
cells responded in an almost identica] fashion to the T3 group of cells indicating
no strong dependence on type of material used. The T5 group, shown in Figures
62 and 63, was. processed in the same fashion as the T3 grbup except that the

15 group'wés processed as whole slices through the 1ithium diffusion to determine
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the existence of edge effects As in the prev1ous case with the cruc1b]e cells

processed in this fash1on, there is no s1gn1f1cant d1fference 1n response
between the T5 and T3 groups of cells, 1mp1y1ng once aga1n the 1ack of the
existence of a strong edge effect. In general the T3, T4 and 15 groups a]]
tend to exhibit significant short c1rcu1t current redegradat1on and are only
as good as a contemporary 10 Q-cm n/p so1ar ce11 at best The T6 group of
cells was diffused at a s1gn1f1cant1y 1ower temperature 325°C, for a much
Tonger period of time, 8 hours, 1h a faeh1qn s1m1lar to the T7 and T8 cructble
groups. Although the T7 and T8 crutib1e grehps-dtd not exhibit any start]ing
effects due to this somewhat differentkditfusien‘schedu1e, the T6 group
exhibited the best initial cheraqtertsttcskand the highest recovered levels

of any cells observed to date by aisfgnittcant emount, as evidenced in Table III
and Figures 64 and 65. The_recoyery ttmes, however, were considerab1y Slower
than normally observed for float zone cells and the short circuit current
exhibited redegradation of 5 to 10% to date while the open circuit voltage

continues to anneal.

C. Conclusions and Recommehdations

The resu]te of this year's evaluation program c]eerly_tndicate that as a
whole the Tithium doped‘silicon solar cells currently befng fabrfcated, both
crucible and float zone, are greatly improved over cells previously tested.
Better initial efficiencies and higher recovered levels are being obtained
with some sacrifice in recovery rates, but with evidence of better long term
stability. Preliminary measurements made with a sun simulator indicate that
for the better groups of cells with initial efficiencies of 9 to 10%, recovery

14

of maximum power of about 95% can be obtained after 3x10 e/cm and 80% after
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1 2

3x10 5 e/cm-. It is envisioned that as the 1ithium cell is optimized more

simulator measurements will be utilized in the evaluation program.

It is also evident, however, from the results of this year's efforts
that there remains an unidentified material or processing parameter which
exerts a strong influence on the production of good lithium doped silicon
solar cells. It has been proposed that a possible important material parameter,
which to date remains unspecified, may be oxygen concentration. On the other
hand, differences between manufacturers in both the 1ithium and the boron
diffusion techniques may have a considerable effect. Further it is evidenced
that lower temperature diffusions for longer periods of time may yield superior
Tithium doped solar cells. There does not appear to be a strong influence of
type of material, i.e. Lopex versus float zone, or material dopant and
resistivity as long as resistivity ranges remain within 20 to 200 ohm-cm.

It is recommended that future efforts consider the different boron and
lithium diffusion techniques currently being utilized as well as the lower
temperature longer time diffusions initiated late in the program by Texas
Instruments. Finally, the data presented here seems to indicate a fairly
narrow range of diffusion time-temperature profiles which can produce desirable
lTithium concentrations allowing a heavier concentration in future efforts on

other variables within this fairly narrow range of lithium diffusion schedules.
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ITT. KINETICS OF LITHIUM IN SILICON

A. Lithium Redistribution Studies

Centralab Semicohduttor'prepared two groups of Tithium diffused
silicon solar cells for redistribution studies. One group was diffused for
5 minutes at 425°C and the other 30 minutes at 350°C. These lithium diffusions
were planned to place a high éoncentration of Tithium in the back of the cells
without allowing detectable quantities of lithium to reach the junction. After
this diffusion, the silicon blank was fabricated into a completed solar cell.
In this way the effects of the redistribution of lithium can be observed by
changes of cell pafameters and junction capacitance. The silicon used was
float zone crystal of 65 ohm-cm resistivity. The Tithium redistribution was
performed at 250°C. Figure 66 is a plot of donor concentration at the junction
versus the redistribution time. Cells C3-1, 2 were lithium diffused 30 minutes
@ 350°C. Cells C3-33, 34 were lithium diffused 5 minutes @ 425°C. The phosphorus
concentration of the original silicon is also indicated on the figure. It is
apparent that these cells have no detectabTe lTithium at the junction before
redistribution. After a short time at 250°C the junction donor concentration
begins to rise at a rapid rate. This rapid increase continues until a maximum
is reached. In the case of cells diffused 30 minutes at 350°C (C3-1, 2), a

14

maximum of about 3x10° ° donor atoms/cm3 at the junction is reached after 13 hours

of redistribution. If the phosphorus concentration is subtracted from the

14 3

previous figure a maximum 1ithium concentration of 2.25 x 10°" atoms/cm” at the

Jjunction is determined. The maximum‘for cells diffused 5 minutes @ 425°C,

14 Li atoms/cm3, is reached after 18 hours at 250°C. After 100 hours at

0.5x10
250°C the Tithium concentration at the junction is again reduced to an undetectable

value. It is interesting to note that cells diffused for 30 minutes at 350°C
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achieve a higher maximum T1ithium concentration and in a shorter time than those
diffused 5 minutes at 425°C. The Tlithium concentrations found in these cells
are in general much lower than'those of previously studied 1ithium diffused
cells.

Figure 67 is a plot of the short circuit current densities of cells C3-1,
2, 33, 34 as a function of redistribution time. Cells C3-33, 34 have initially
higher Jsc values than the other cells shown. This condition persists through-
out the redistribution. As previously noted, cells C3-33, 34 also contain
several times more 1ithium than cells C3-1, 2. Since the cells with the greater
1ithium concentration have superior Jsc’ these results indicate that the diffusion
of significant quantities of Tithium into a solar cell do not necessarily result
in an inferior cell. It does, however, degrade the Joo @ certain amount. This
decrease occurs during the first 10 hours of redistribution at 250°C. The
decrease does not appear to be greatly dependent upon the quantity of Tithium
reaching the junction. The decrease in Jsc appears to correspond timewise to
the maximum increase of 1ithium at the junction. The most curious aspect of
this change is the manner in which JSc remains constant .after the Tithium con-
centration at the junction begins to decrease. When the redistribution has
proceeded to the extent that concentrations of 1lithium are no longer detectable
at the junction of a cell, the Jsc of the cell remains at the same value it
degraded to when the maximum concentration of 1ithium was present. Since the
Jsc is largely a function of the minority carrier lifetime in the base regions,
one must assume that additional recombination centers are formed in the base
region during the presence of the 1lithium. These defects remain after the
Tithium donors are no longer present. Their concentration is too small to be

detected in any way other than 1ifetime or JSC changes.
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Although the changes in lithium concentration and short:circuit current.
reflected in Figures 66 and 67 were the result of thermally -activated processes
operating at 250°C, the very slow progress of these processes’ can be expected -
at room temperature. For this reason some cells will show very significant
changes in Tithium concentration and short circuit. current during room temp-
erature storage of several months. The naturevof the decrease in lithium-at
the junction after the maximum is reached is not élear, This effect could be
caused by outdiffusion, precipitation or diffusion of lithium into the boron
doped layer. Further work is necessary to determine the exact causg..

The redistribution time of several cells was varied to produce a group of
cells which differed only by the concentration of Tithium found at the junction.:
These cells were irradiated to study the effect of lithium concentration on the
recovery kinetics. Figure 68 shows the changes in short circuit current which
result after irradiation. The data indicates that the times necessary to reach

14 e/cm2, vary considerably depending

half recovery, after an irradiation of 3x10
on the concentration of lithium detected at the junction. Some variation can
also be seen in the maximum recovered value of short -circuit current. In

general the cells with higher initia]'IS»

¢ values recover to highest output values.

In Figure 69 the half recovery time of Isc after irradiation is plotted versus

the concentration of 1ithium at the junction. This plot indicates a negative
slope of 1.23. This type of data can be useful in determining nature of a
chemical reaction. In the general case of a second order reaction between two
species of greatly unequal concentration, the half time for disappearance of the
Tow concentration species will vary inversely with the concentration of the higher
concentration species. In the 1ight1yfir¥adiafed lithium cell, the concentration

of lithium will greatly exceed the concentration of radiation produced recombination
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centers. If the centers are annihilated by lithium in a bimolecular manner,
the half recovery time would be inversely proportional to the lithium concen-
tration. The experimental results are very close to such a relationship. Since
the lithium concentrations are known to increase rapidly with distance from
the junction, the average 1ithium concentration in the active region of the cell
will be considerably higher than that determined by capacitance. Despite this
difference, the lithium concentration at the junction must be directly related
to the average concentration in the base region because of diffusion consider-
ations. Because of these considerations the slope of $lightly greater than
unity is not too disturbing. Previous work reported by RCA, in which the half
recovery time was determined by diffusion length changes, showed a nearly
identical slope to that reported in this work.1
Although the lithium concentration increased with distance from the junction,
it is possible to use the donor concentrations at the junction determined by
capacitance to monitor important changes occurring during and after irradiation.
If the junction capacitance is monitored as a function electron fluence, the
carrier removal rate can be determined. These, measurements were made for a
series of cells, and the removal rate appeared to be Tinear in the range of
electron fluence investigated. The values of tne removal rate for several
Tithium cells are plotted versus the concentration of lithium at the junction
in Figure 70. The experimental results indicated that this removal rate is
independent of the concentration of lithium at the junction. This result is

marked contrast to those previously reported by RCA;2

The RCA results are
shown by dashed lines on the graph. It is also noted that these experimentally
determined removal rates reported here are nearly 1/100 of the calculated

displacement rate of silicon by 1 MeV electrons, and similarly lower than the
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initial removal rates found in lithium doped float zone siTicon by Hall measure-
ments. The reasons for these differences are not' clear; however, some of the
differences may be due to the widely differing ranges of 1ithium concentration.
The determination of this junction' removal rate has considerable practical
influence on the design of Tithium solar cells.’ It has been experimentally
observed that when the product of the electron: fluence and removal rate ( 0.05cm"]),
exceeds the concentration of Tithium at the junction, the cell will not recover
from the degraded condition in the usual room temperature pattern.

In addition to the changes in Tithium concentration during irradiation,
a very significant effect can be observed during the recovery peridd. ~ The
changes in Tithium concentration at the'junCtion during ‘and after electron
irradiation are shown for two cells in Figure 71. The short circuit current
recovery of these two cells was previously described in Figure 68. The Tithium
concentration is stable immediately after irradiation, but a decrease begins
several hours after the irradiation, and continues for several hundred hours
after the irradiation. The decrease of lithium concentration appeérsfto correlate
in time with the recovery of short circuit current after irradiation. It appears
that one can safely conclude that the observed consumption of lithium is directly
related to the recovery process. A curious point is raised by the continued
decrease in Tithium concentration after 300 hours when the short circuit current
has recovered to its maximum.” If this Tithium consumption is directly affecting
the recombination center population, the lithium concentration should stabilize
when the short circuit current becomes stable. Further study of these cells is
necessary before any other conclusions can be reached. To confirm these changes
a similar study was done on two Heliotek cells. This data is presented in
Figure 72. These cells have considerably higher 1ithium concentrations and

2

an electron fluence of 3x10]5 e/cm” was used. The results are similar to those
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for cells C3-14, 15 with two exceptions. In this case the 1ithium decrease
finally stabilizes but the recovery appears to proceed ahead of the 1ithium
decrease. The short circuit current recovery is half complete in 4 hours,
whereas the lithium decrease is only half complete after about 40 hours. Despite
this displacement in time, it is highly likely that the two changes are diréct]y
related. Since donor concentrations are determined by capacitance measurements,
they only sense in the extremity of the active region. The bulk of the active
region in which the ISC is determined has a much higher Tithium concentration
than that found at the junction., Our previous work has shown that this higher
Tithium concentration. results in a lower half time to recovery. The loss of
donors during irradiation was previously shown to be directly proportional to

the electron fluence. A similar study of the loss of donors after irradiation
would help in defining a model for the behavior of lithium in the recovery process.
The data presented in Figures 71 and 72 indicate that the 1ithium consumed during
the recovery process is about 1.5 times greater that which was consumed during
the irradiation. This larger 1lithium decrease during recovery may be related
to the fact that the edge of the junction is deeper in the cell after the
irradiation.

Caution must be used in interpreting these results, because the"consumption
of lithium during irradiation may not necessarily result entirely in the production
of recombination centers. Likewise, the consumption of lithium after the
irradiation or during recovery need not be due entirely to the neutralizing of
radiation produced recombination centers. An indirect argument can be made to
consider all of the Tithium loss during irradiation to be involved in formation
of recombination centers. Other work described in this report has shown that

14 2

an irradiation of a typical float zone Tithium solar cell with 3x10 " e/cm” of

1 MeV electrons results in minority carrier lifetime of about 0.2 psec. If
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every lithium atom lost during irradiation results in a recombination center,

14 2 1 13 -3

there would be 3x10" " e/cm™ X 0.05cm” or 1.5 x 10°" cm ~ centers proddcéd;

The lifetime studies indicate the following re]ationship would hold:

where: Tho = minority carrier lifetime
Nr = concentration of recombination centers
V = thermal velocity
¢ = capture cross-section

If our prevfous'assumptibns are correct, the above relation indicates the recomb-
ination center would have a captdre croés-éectidﬁ'of rOugh]y‘10']4 cmz. ‘This is
a large but reasonable value for the cross-section and any 51ghificant1y Tower
ihtroduction rate of‘centers would réquire'simi1ar1y larger capture cross-section.
Any assumptions requiring significantly‘Targer cross-sections can be discarded
as unrealistic.

t An explanation for a loss of lithium during irradiation and recovery has

2

been presentéd4by workers at RCA. Théy-prbposed that recombination centers are

generated by the’f011owing reaction:

(1) Lit + v+ 207> Li-v™

In addition to the one Tithium atom whiéh this reacfion consumes, two electrons
must be removed from the conduction band to satisfy the charge equality necessary
on both sides of the equation. The Li-V~ defect would be an acceptor, lying
below the level of Fermi level in the forbidden band; The probosed reaction by
the annihilation of the recombination centérs‘by Tithium atoms is as follows:

(2) Li%tLi-vT > Li-v-Li
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Although this proposed reaction will destroy the recombination centers, no
change will occur in the population of electrons in the conduction band.
Therefore, such a reaction would not cause the large reduction in capacitance
which was observed during the recovery. If the model were altered so as to
place the energy level of Li-V defect above the Fermi level, the previous1y

discussed reactions would be as follows:

(la) Lit +Vv+e > Li-v
(2a) LiT + Li-V + e” > Li-V-Li

Such a model provides for equal loss of carrier electrons during irradiation and
recovery. Although this such a model does not provide a mechanism for 1.5 times
greater carrier loss during recovery compared to fhat during irradiation, it is
close enough for very serious consideration. The added restriction that the
energy level of the Li-V acceptor be above the Fermi 1eve1; only need apply in
the lightly doped region adjacent to the depleated region. If this restriction
also applied in the bulk of the active region, the neutrality of the defect
would not promote effective recombination. For this role it is necessary for
the Fermi level to move above thé acceptor defect energy level, allowing it to
become filled and negatively charged. Since the lithium concentration is known
to increase rapidly with distance from the junction in these cells, the Fermi
level will move much closer to the band edge in the bulk of the active region.

In summary the results of the redistribution studies are the following
conclusions:

1. During the redistribution process the lithium concentration at the
Jjunction rises rapidly to a maximum, and then slowly decreases.

2. The short circuit current decreases during the périod of Tithium

increase at the junction.
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3. The half recovery time for irradiated Tithfum cells is roughly
inversely proportional to the concentration ofylithium ot fhe jonotion Such
a relationship suggests a second order b1mo1ecu1ar process in wh1ch one spec1eo
(Tithium) greatly exceeds the popu]at1on of the other (recomb1nat1on center)

4. The removal rate during 1rrad1at1on measured at the Junct1on by |

capacitance is about 0.05cm” -l

for a wide var1at10n of lithium concentrat1ons.
This removal appears to be largely related to recombination center pnoduction;
5. During the recovery of short circuitlcurrent from degradation,
capacitance measurements indicate simi]ar 1oss of Tithium. |
6. In genera] the results support the mode] proposed by RCA workers in
which a 11th1unkvacancy is formed dur1ng 1rrad1at1on to become the dom1nate

recombination center. If other lithium atoms are present they will later

react with these centers and form a spec1es wh1ch is not active in recomb1nat1on.

B. Carrier Removal Studies

Our previously reported work in this area has involved silicon which was
doped with Tithium during crystal growth. Our recent efforts are concentrated
upon similar studies in silicon doped by diffusion of lithium 1nto the Samp]e.
Float zone silicon with an n-type resistivity of 75 ohm-cm is used for most
studies. The Tithium was diffused in at 600°C to provide uniform saturation.

The samp]e'is then allowed to approach equi1ibrium at a Tower temoeratore. In
this manner samples have been prepared with Tithium donor conoentnations between
10]5 and 1018 atoms/cm3.k Table V summarizes tne various electrical propertie§
of the samples prepared tokdate. The e1ectrica1 properties of this materia]y
are typical of phosphorus or arsenic dopedbsi1ioon'1n regaro to Hall mobiTity

and Hali coefficient var1at1on w1th temperature In F1gure 73, the Ha]]

moo1]1t1es of these samp]es are compared to the pub11shed exper1menta1 and
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3 In nearly all

computed values of Morin and Maita for arsenic doped silicon,
casés the values found for our 1lithium doped specimens are very close to
previously mentioned data. This would indicate that the scattering centers

are largely the singly charged Tithium donor atoms.

Most of the studies of irradiation carrier removal and defect production
in silicon have either confirmed or assumed a linear change in radiation defect
population with increasing electron fluence. One exception to this occurs when
the Fermi level lies close to ionization level of the radiation defect. In this
case the removal rate changes rapidly as the Fermi crosses the defect level.

This occurance has been proposed as a method of determining defect energy 1evels?
The early work by Wertheim demonstrated that carrier removal is linear at low
electron fluences, but as defect concentration approaches the original impurity
concentration, the rate becomes nonh‘near.5 Since the production of a defect
complex often involves the consumption of a donor, a rapid decrease in the intro-
duction rate should occur as its constituent impurity is near exhaustion. The
irradiation of lithium doped silicon was studied by observing changes in the
removal rate as a function of electron fluence. In this manner some information
can be obtained regarding structure of radation defects.

The electron irradiation results of this material are shown in Figure 74.
Sample D-1, described in Table V, was irradiated with 1 MeV electrons at room
temperature in increments. When the irradiation was interrupted, the resistivity
and Hall coefficient were determined. The electron carrier concentration, as
determined by the Hall coefficient, is plotted as a function of electron fluence.
Since the logarithm of the carrier concentration versus fluence yields a straight
Tine, it appears that this material has again demonstrated the same exponential

dependence of carrier concentration upon electron fluence which was previously

found in float zone silicon doped with 1ithium in the melt. The results of these
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irradiations are described by the following equation:

n=n,exp (-¢/a)

where: n initial electron concentration

0

¢ = electron fluence

o = a constant

n = electron concentration after irradiation

Such a relationship indicates that the instantaneous removal rate (dn/d¢)
is not a constant, as has been found in other cases, but is directly related to
the instantaneous carrier concentration as follows:

dn __n

dé o _
In the case of,Djz the constant o =,5x1016 e/cmz. This'exponentja1 relation was
found in all our recent investigations. Although one might expect the same value
of a in samples with different 1ithium concentrations, in fact this condition was
not found. The appearance of an exponential removal is in no way in conflict with
previously published work indicating linear removal. Because of the mathematical
similarities between Tinear and exponential functions, the two behaviors can not
be distinguished during small initial changes in.carrier concentration. There
was considerable variation in values found for the constant o. The irradiation
of a similar sample, with a Tower lithium concentration, is shown in Figure 75.
In this case the removal is exponential with an o« value of ].05x1016 e/cmz. In
Figure 76 the experimental values of o are plotted versus the lithium donor
concentration (carriers) of the sample irradiated. The points on this log-log

plot indicate a is a linear function of the initial Tithium donor concentration

of the specimen. The relationship appears to be:

a = no/2.2
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If this relationship is substituted into the instantaneous carrier concentration

expression, the following expression results:

dn n

—_— 2.2__

d¢ o
This would result in:

dn _

36—2.2

at the start of irradiation when n = nb. The physical reasons for this relation-
ship are not apparent at this time. If, as one might expect, o was independent

16 Li/cm2 were to

of lithium concentration, and the value of o found for a 10
apply for samples of 10]7 Li/cm3fand greater the value of dn/d¢ would initially
exceed that of the displacement rate for 1 MeV electrons. Such a situation would
be very difficult to account for theoretically. The value of the initial removal
rate found here (2.2/cm) is roughly equal to the calculated displacement rate of
1 MeV electrons in silicon. The Hall coefficient of Tithium doped silicon was
examined as a function of temperature to investigate the nature of the defects
generated by the irradiation. This type of data is shown in Figure 77 for sample
A-1, before and after irradiation. The predominant change after irradiation is
a reduction in the reciprbca] Hall coefficient at all temperatures. These results
indicate that the 10ss in carrier electrons is caused largely by the formation
deep acceptor or neutral defect-1ithium complexes. If the defects are acceptor
type, the energy level must be greater than 0.3 eV from bottom of the conduction
band. |

The annealing behavior of radiation damage in the subject specimens is in
marked contrast to that previously reported in silicon. Sample A-1 was irradiated

with 4x10'° e/cm?

e/cm™ and isochronally annealed for 15 minutes at 75°C and other
higher temperatures at 25°C. intervals. The annealing data for sample A-1 is

shown in Figure 78. In the vicinity of 100°C about 10% of the removal damage is
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recovered. At 200°C what appears to be a second annealing stage begins. After
annealing for 15 minutes at 275°C the carrier concentration has increased to.
approximately the same value found in the specimen prior to irradiation. Iso-
chronal annealing at temperatures above 275°C produced rather start]ing results.
Each successive annealing step increased the carrier concentration. After the
anneal at 350°C the carrier concentration wasfive times greater than that found
prior to irradiation. The apparent explanation of this behavior lies in the
comparison of the isochronal annealing data to the lithium solubility of Pell,

which is also plotted in Figure 78.8

Since the specimen was originally saturated

with Tithium at 600°C and then held at 200°C, the Tower temperature produced a

precipitated second phase of lithium silicide rather than outdiffusion of lithium

as expected. The annealing above 200°C allowed the silicon to redissolve the

precipitate, with subsequent increase of lithium donor concentration. The annealing

data show a tendency to approach the solubility data as temperature increases.

The annealing data for sample D-2 is also shown on Figure 78. The results are

very similar to those just discussed, in that an annealing stage occurs near 100°C,

redissolution occurs when the solubility of lithjum at the annealing temperature

exceeds the concentration of ionized lithium previously detected in the speciman,

and concentration present after the highest temperature anneal exceeded that

initially present before the irradiation. If the observed effect is indeed 1ithium

redissolving, it may mask the annealing of the remaining fraction of removal

damage after annealing at 175°C. Further work is necessary to clarify these effects.
A second view of the irradiation and annealing of sample A-1 can be seen in

Figure 79. In this figure the Hall mobility of the specimen is plotted versus

the Tithium donor concentration after various irradiations and anneals. In addition

3

to the data points, the arsenic data of Morin and Maita is shown as a solid line.

It can be seen that the irradiation of this sample results in an increase in the
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Hé11 mobility in addition to the loss of 1ithium donors. Even after an irradia-

16 e/cm2 the Hall mobility is equal to that of an unirradiated

tion of 4x10
sample of the same donor concentration. Since Hall mobility is increased, the 
irradiation results in no additional charged scattering centers, but rather a
reduction of charged scattering centers. This conclusion rules out the production
of charged acceptor type defects by the irradiation. Thus the irradiation appears
to electrically resemble the precipitation process. The anneal has the exact
opposite effect as irradiation, as each higher temperature increases the donor
concentration and decreases the Hall mobility. The redissolving of Tithium donors
to concentrations greater than the before irradiated values is also illustrated
in Figure 79. The irradiation and annealing of this material appears to be
identical to the precipitation and redissolving lithium. Some of the major
defect reactions which are known or hypothesized in n-type silicon are presented
in Table VI. An examination of the table indicates that reactions 1 or 4 will
cause the necessary changes in the population of carrier electrons and scattering
centers to produce the observed changes in Hall coefficient and Hall mobiTlity.
Reaction 4 1is actually the sum of reaétions 2 and 3. Since reactions 2 and 3
have already been proposed as the degradation and recovery process in Tithium
cells, the assumption of reaction 4 or 2 + 3 presents an explanation of the Hall
measurements which is consistent with the observations on cells. In the cells,
reaction 3 proceeds much slower than reaction 2. Since it has been shown that
the time constant of reaction 3 is decreased by presence of greater Tithium
concentration, it is possible that in these Hall specimens the 1ithium concentra-
tion is sufficient to allow completion during the irradiation.

Because quartz crucible silicon is also under consideration for use in
Tithium solar cells, a sample of this material was also Tithium diffused and

fabricated “into a Hall specimen.7 The initial data for this sample is included
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in Table V. The electron irradiation results of this sample (Q-1) was very
similar to that of the float zone silicon. The'femoVa1‘cbhstant oy for the
Tithium doped Q.C. silicon, was roughly twice the value found for float zone
silicon of similar lithium concentration. This data is preéénted in Figure 76.
The isochronal annealing after irradiation of sample Q-1, shown in Figure 78,
produced a significant decrease in the carrier or lithium donor concentration
in the 75-100°C range. This behavior is in marked contrast to that observed
in annealing of irradiated, float zone, Tithium dopéd si]%con. The decrease
or "reverse anneal" observed in samp1e Q-1 reduces the carrier concentration
present after irradiation by about 50%. This:change Feprésents a roughly 25%
increase in number of carriers removed during the ifradiation.

The behavior of sample Q-1 can be explained by the model previously used
to explain behavior in 1ithium cells and bulk float zone silicon. 'Thereris
considerable evidence to indicate that a principle effect of oxygen in 1ithium
doped silicon is to reduce the effective diffusion constant for 1ithium in
si]icon§’71t is therefore reasonable to expect that reaction 4 in Table VI
would be considerably slower in the presence of large quantities of oxygen.
After the irradiation of sample Q-1, reaction 4 is partially complete and still.
proceeding at a very slow room temperature rate. When samp]é Q-1 is raised to
the 75-100°C range, reaction 3 goes to compietion very quickly. This increased
reaction rate is permitted by increased effective lithium diffusion constant at
the higher temperature. The consUmptioh of lithium during the completion of
reaction 3 causes the "reverse anneal" observed in sample Q?T. The experimental
results of room temperature Hall mobility measurements during the irradiation
and annea}ing of sample Q-1 tend to confirm the above explanation of the changes.
This data is presented in Figure 80. If the irradiation of sample Q-1 resulted

in both reactions 2 and 3 (i.e. 4) going to completion, the Hall mobility, after
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a fluence of 10]7 e/cm2, would be close to that of unirradiated silicon of the
same carrier concentration (1280 cmz/vo]t-sec.). After such an irradiation,

the observed mobility is 1180 cmz/vo1t-sec. The mobility before irradiation

was 935 cm2/vo1t-sec, These figures indicate that the total assumed reaction
(4) is about 75% complete, if one assumes the presence of only singly charged
scattering centers. Another way of expressing}these results would be to say
that for every loss of 4 carrier electrons from the conduction band during the
irradiation, only 3 charge scattering centers are destroyed. During the‘“reverse
anneal" an additional 20% loss of carrier electrons is observed. The additional
scattering centers lost during the reverse anneal is 60% of that lost during
irradiation. The net result of both the irradiation of crucible silicon and a
reverse aﬁnea] cu]m{nating at 125°C is a loss of carrier electrons and an equal
loss scattering centers. This is the same rssu]t observed for irradiation float
zone silicon doped with Tithium. Hence it is believed the oxygen only serves

to slow the progress of reaction 4.

Since the irradiation of 1ithium doped silicon is mainly a relatively simple
interaction of donors with the displacement products, it is interesting to compare
the behavior with that of phosphorus doped silicon. Although considerable work
has been done_on phosphqrus doped silicon, most of the data reported relates to
more lightly doped material than that considered in the lithium studies previously
described. To make comparative studies, two samples of phosphorus doped float
zone si]i;on were obtaingd. The starting resistivities were roughly 0.1 and 0.2
ohm-cm. These resistivities were seiected to maximize the population of phosphorus
over oxygen, without reaching resistivities which require unreasonably Targe

electron fluences to cause the desired carrier removal. The previous investiga-

t'ions8 have chown that E-centers (a phosphorous-vacancy pair, acceptor) and

A-center (an oxygen-vacancy pair, acceptor) are the most 1ikely defects to form
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in irradiated silicon of this type.

The changes in carrier concentration during electron irradiation were
monitored by Hall measurements. The results are shown in Figure 81, It can be
seen that the carrier removal in these samples also tends to follow the expon-
ential behavior observed for 1ithium doped silicon. The o values for these
samples also plotted on Figure .76. The general trend indicates that in this
material o = ngs the initial concentration of phosphorus before irradiation,
whereas in the 1ithium doped material o = 0.45 Ny The Hall mobility data from
the above study is shown in Figure 82. The mobility values before irradiation
are very close to the values published for unirradiated silicon. In the case
of both phosphorus doped samples, the increasing electron fluence reduces the
carrier concentration, but does not change the mobility. This result is in
marked contrast to that found in Tithium doped float zone silicon, as shown in
Figure 79. The behavior observed in Figure 82 can most easily be explained by
assuming that reaction 5 in Table VIdescribes the radiation process. Since this
reaction causes the loss of two carrier electrons and no changes in scattering
center population per reacting vacancy, this reaction will produce no change in
the Hall mobility. If A-centers are formed during irradiation (reaction 6), the
mobility will decline. Since no change in mobility is observed, it can be
concluded that all the changes observed can be explained Ey the formation only
E-centers and no A-centers.

 The relationships between o and Ny in Figure %6 indicate that carrier
removal rates in lithium doped float zone silicon are roughly twice those found
in the phosphorus doped material. Since both reaction 4 and 5 cause the loss of
two carrier electrons per reacting vacancy, the removal data indicates that twice
as many vacancies are captured before annihilation by lithium atoms compared to

a similar concentration of phosphorus atoms in silicon.
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The following conclusions can be drawn from the experimental results:

1. The carrier removal rate for electron irradiation of Tithium doped
float zone si]icon‘is an exponential function of electron fluence.

2. During the initial stages of irradiation the removal rate is 2.2cm"]
for the aboﬁe described material.

3. The damage process in the heavily lithium doped Hall specimens, consiéts
of the loss of carrier electrons with an equal loss of charge scattering centers.

4. The best available atomistic model to describe the damage is the
following series reaction:

Lit + v+ 2e7 > Li-V"

it + Li-v™ > Li-v-Li

2Lit + Vv + 27 > Li-V-Li

Since the equilibrium phase for a Tithium-silicon solution is LiZSi, the
radiation process stiochiometrically resembles the precipitation of a second
phase. The presence of oxygen appears to slow the above reaction.

5. The isochronal annealing is characterized by a low temperature partial
anneal in the 75-100°C range and resolution of 1ithium at higher temperatures.

6. No evidence was found for the formation of "A" centers in the 1ithium
doped silicon.

7. In similar material doped with phosphorus rather than Tithium, the

damage can be described entirely by the formation of E-centers.
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C. Recomb1nat1on Stud1es

Although several models of rad1at1on damage have been advanced to expTa1n
the behavior of recombination centers in T1th1um doped silicon solar cells,
the conclusions have been reached by rather 1nd1rect means. The most d1rect
measurement possible is the determ1nat1on of m1nor1ty carr1er 11fet1me as a
function of temperature. Such an exper1ment can often be anaTyzed in terms of
theoretical recomb1nat1on statistics to determlne the position of the energy
level of the recomb1nat1on center wh1ch a1ds in 1dent1fy1ng the defect The
method of lifetime measurement used here 1nvoTves the determ1nat1on of the
minority carr1er diffusion Tength 9 The d1ffus1on Tength can be converted to

lTifetime by use of the foTTow1ng re]at1on.

L2

= Darker'

This method was used to obtain the data shown in figure 83 for conventional

p on n solar cells made with’crucibTe grown §i11c¢n; 'The experimental data in
Figure 83 have been fitted to an expression descrdbing recombination through an
acceptor level located 0.17 eV below the conduction band. This energy level is
associated with the silicon A-center (oxygen-vacancy pair). The temperature
dependence of the density of states was considered in making this fit; however,
the temperature variation of Ob (capture cross-section and thermal velocity) were
ignored.

There is some difficulty in directly applying this technique to lithium solar
cells. The Tithium cell is characterized by a steep gradient of 1lithium concen-
tration in the portion of the cell where the diffusion length is measured. Since
the concentration of Tithium (n ) enters the theoretica] expression, it must be
known in most cases. A second difficulty 1nvoTves tendency of the 11th1um solar

cells to recover after 1rrad1at1on The recovery process is actuaTTy an increase

in the lifetime that often is half complete w1th1n an hour after irradiation.
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To make a determination of diffusion length versus temperature requires at
least a 4 hour period in which the concentration of recombination centers
remains constant. This was achieved by two different means. By using float
zone cells, with a Jower lithium concentration, it was possible to slow the
recovery after irradiation enough to permit several hours for diffusion length
measurements. A second method of slowing the recovery is achieved by use of
crucible silicon for cells. In this material the recovery rate is greét]y
reduced by the presence of oxygen.

A cell from the redistribution studies, C3-10 was selected for the diffusion
length measurements. This cell had a concentration of lithium at the junction

of 3x]O]4 cm'3.

This is low enough to insure no significant recovery during the
first few hours after irradiation. In Figure 84 the before irradiation measure-
ments for cell C3-10 are shown. The after irradiation measurements are plotted

in Figure 85. The general expression for the lifetime for low injection

involving one recombination center is:

N AE

] C = T=
1= (1+—=2e KkT)
NPOV no ,

where Nr concentration of recombination centers
g = capture cross-section
v = thermal velocity
N_. = density of states
n. = majority carrier concentration

AE = jonization energy of recombination centers

kKT = thermal energy

Most atﬁempts‘to fit the above expression to experimental data assume the
quantity ]/Nrcv to be independent of témperature and adjust AE for the best fit.

The quantity NC varies as the‘3/2 power of temperature and significantly lowers
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the apparent activation derived from the slope of a simple lifetime -reciprocal
temperature plot. ) B o -_

If the process is applied to the data in Figure 85, the value of AE
obtained for the best possib]e,fitvis 0.06 éV. The solid Tine in_Figure 85
was obtained by‘such a fit. The present concept of a recombination center
indicates that a defect with such a shallow energy Tevel could not function
effectively in recombination. The alternate explanation of'fhe experimental
data is obtained if one assumes that o is,much‘]érger than Nc exp-AE/kT. In
this case the quantity ]/Nrcv will dominate the‘1ifetime. A]though the slight

increase of thermal velocity will tend to decrease the Tifetime as temperature

increases, theoretical considerations indicate roughly an order of magnitude
decrease in capture cross-section with temperature increase for the range under
consideratipn!o Such a decrease comes close to providing the necessary increase
in lifetime to explain the observed variation with temperature. If the precéding
statements are an accurate representation of the recombination factors, the
theory can say very little about the nature of the recombination centers except
the quantity AE must be very large compared to kT. This restriction would place
the ionization level deep in the forbidden band. The dashed line in Figure 85
represents the results of temperature variation of lifetime found for non-1ithium
cells as shown in Figure 83. This is included to illustrate that, regardless

of the theoretical considerations, the results in 1ithium cells are very different
from those in non-Tithium cells.

Cell C3-10 was allowed to recover to its original lifetime to permit an
additional Tifetime-temperature analysis. This data is also presented in Figure 84.
It can be seen that, after recovery, the results are identical to those obtained
before irradiation. This is sufficient reason to conclude that recovery consists

of complete annihilation of the recombination centers produced by the electron
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irradiation. Such a conclusion is in good agreement with the model previously
considered.

A similar series of experiments was done on a crucible silicon lithium
solar cell. This data is presented in Figures 86 and 87 . The problems of
making a theoretical fit to the data for this irradiated cell are identical to
those encountered for the float zone cell. The data for cell H6-4508 jn the
irradiated condition (Figure 87 ) is very similar to that for the float zone cell
in Figure 85 Within the limitations of this experiment, the results of irradia-
tion in float zone and crucible cells can not be distinguished. Although this
is not conclusive evidence, it supports the hprthesis of the same damage reaction
in both float zone and crucible 1lithium solar cells. The major differences
between behavior in the two types of cells is the slower recovery in crucible
material. This is due to the slower diffusion of 1ithium rather than any
differences in recovery damage mechanism. In addition to the before irradiation
results for Cell H6-4508, results are shown for the sample in the partially
annealed condition. The temperature variation of lifetime in the partially
annealed sample is identical to that of the sample in the unirradiated and
irradiated condition.

The following conclusions can be drawn;

1. The lifetime versus temperature results observed for irradiated 1lithium
cells are radically different from those observed for non-lithium cells.

2. The irradiation of float zone and crucible Tithium cells give similar
results when analyzed by Tifetime versus temperature studies.

3. The annealing of an irradiated float zone silicon Tithium cell returns
the cell to the unirradiated condition.

4. The irradiation generated recombination center in Tithium cells appears

to be a very deep acceptor level.
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IV. EVALUATION TECHNIQUES STUDIES

A. Lang X-Ray Topography Study

When Tithium doped silicon is raised to-temperatures above 300°C and
cooled to room temperature, the resistivity increases. Such a change could
be caused by precipitation or outdiffusion of lithium. The times and temp-
eratures involved suggest outdiffusion. To’ further investigate this behavior
1ithium doped float zone silicon wafers were annealed at various temperatures
and slow-cooled to room temperature. The resistivities of these wafers were
measured with a four-point probe after sufficient material was removed to

insure uniform lithium distribution. The resistivity results are shown below:

As received 0.035 g-cin 5.1x10"7 Li/en’
1 hr & 200°C 0.035 a-cm 5.1x10'7 Li/em’
1 hr & 300°C 0.035 g-cm 5.1x10"7 Li/cmd
18 hr @ 400°C 21.2 g-cm- 2.4x10"% Li/em

These wafers were examined by the Lang X-ray topography technique after
all treatments. This X-ray technique uses Bragg reflection from a given set
of crystal planes to give an unmagnified image of the crystal. Stressed areas
of the crystal reflect the X-rays more strongly and appear darker on a photo-
graphic plate, or lighter on a positive print such as those shown. Figures 88
and 89 are 9x enlargements of (220) topographs of the as-received and 18-hrs-at-400°C
specimens, respectively. - The topographs are taken in transmission through the
specimens, using Mo characteristic radiation, and show a projection of the
structural defects throughout the volume of the specimens, not just the surface.
Instrumental resolution is less than 10 microns in the direct specimen image,

which is less than 0.1 mm on the enlargements.
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The highly dislocated structure normally associated with float-zone silicon
is clearly shown in Figures 88 and 89. Individual dislocations are easily seen
in many parts of the topographs. The spot at the edge nick is dfstqrtion
associated with a zone spill during zone-refining of the crystal. The small
white spot in Figure 88 is spurious, and is probably due to a scratch during
nandling of the pnotographic plate, Tne lignt area in Figure 89 near tne edge
and 90 degrees from the zone spill is due to the specimen mounting post. whicn
did not appear in Figure 88 because that specimen was mounted at the unseen edge.
The prominent white spot in Figure 89 appeared with the first heat treatment and
is due to improper handling by tweezers.

Ho separate precipitate particles which might be interpreted as Tithium
metal precipitates are seen. If present, such particles should be visible
because of the extremely nhigh strain sensitivity of this technique. However, it
is entirely possible that Tithium may precipitate at existing dislocations,

causing very little change in specimen appearance.

5. Junction Capacitance Measurements

Medsurements of junction capacitance as a function of bias voltage, and the
derivative of this quantity, are used to deduce the net impurify concentration
and the form of its profile. An abrupt junction is assumed because of the vehy'
shallow diffusions employed in these solar cells. Then, with C the junction
capacitance, V the junction voltage (including the contact potential of about
0.5 volt) q the electronic charge; e the dielectric permittivity, A the area,
and ii(x) the 1mpur1ty concentration on the 1ow~doped side of the junction, which

is at x = o, we have the well-known relationships

W = €3/qeA2(~dc/dv)

D = eA/C (1)
where D is the depletion depth.
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When log C is plotted against log V from measured values, the plot is
usually a straight line over some appreciable range of V, i.e.

C=BV">

where B is a constant and -s is the slope on the plot. This leads to the
relationship
u(p) = B'pl1/5)-2
where B' is another constant.
Commonly observed values for s are 1/2, 1/3 and 1/4 as shown in Figures 90
through 92 . Then, since D is merely -the value of x at the positive boundary

of the space-charge region at each point of capacitance measurement, we have:

for' s = 1/2, N = constant
for s = 1/3, N ~x
for's = 174, N ~x%

over whatever limited range of voltage the S]ope may be considered constant.
The concentration N may be calculated from Eq (1) using differential capa-
citance measurements, or if the shape of the’prdfi1e has been sufficiently
well established from the slope measurehent,>from derived fokmu]as such as,
for s = 1/3,
N(D) = 3VCZ/2eqh?

where the evaluation may conveniently be done at V'= 0.5 yo]ts (zero applied
bias), since the contact potentiq] is essentia]jy'unchanged throughout these
studies. | - | ; |

An additional use of capacitaﬁcewgtﬁdiés is their use in the determination
of energy levels produced by irradiation. The kinetics of carrier capture and
emission at a defect (trap or recombinétion center) is described by Hall-Shockley-

Read theory in terms of four rate constants: Cho cp, e, ep. The constants
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pertain to, respectively, capture of electrons from the conduction band, capture
of holes from the valence band, emission of electrons to the conduction band,
and emission of holes to the valence band, The principle of detailed balance
leads to relationships among these constants and the defect energy level, Ed'

In general, the time constant for equilibration of charge state for a-

given type of defect is given by
v = Vlep(ntng) + c(ptpy)]. (2)

Here n and p are the ambient electron and hole densities, which control the
capture processes, and the fictitious densities ny and py are equal to the thermal
equilibrium densities which would result if tne fermi level were at Ed. The
emission- processes are characterized by n and Py

Measurement of the ac capacitance of a junction gives an opportunity to
obtain information on defect parameters if temperature, frequency and junction
bias are varied. In principle, capture constants, energy level, and defect
density can be determined, provided mainly that the effects of only one type
of defebt can be isolated, and if conditions can be adjusted to favor pre-
dominance of only one of the terms in the above equation.

The measuremehts may be interpreted through Eq(2) as follows. The capa-
citance measurement consists in applying a small ac voltage in series with the
junction bias, thus causing small excursions qf the boundary of the space-charge
region. In this way, defects near this boundary are alternatingly exposed more
or less to the environments of the space-charge region and the bulk. The time
constant of Eq (2)will be Timited in the course of one cycle by the emission
processes which dominate in the space-charge region, where n and p are negligible.

Then

T = ]/(Cn ny +c:.p p]).
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According to whether frequency or temperature is varied, a relaxation or
freeze-out, respectively, occurs when the driving frequency exceeds the ability
of deep levels to keep pace with the signal through thermal emission.

A set of such measurements is shown in Figure 93. The specimen is a
standard 10 ohm-cm n/p solar cell which has been irradiated with 3x1015 1-MeV
e/cmz. The quantity plotted as a function of 1/kT is the net acceptor density N,
derived from differential capacitance measurements by means of the well-known
relationship |

il = C3/qen?(~dc/dv), (3)

where C is the ac capacitance, q is the electronic charge, ¢ is the dielectric
permittivity, A is the area (2 cm2 here), and dC/dV is the voltage derivative of
the capacitance.

The measurements show a drop in the apparent net acceptor concentration at
Tower temperatures. Furthermore, the drop-off is frequency dependent. This
immediately suggests that the effect is associéted with carrier-defect kinetics
at the edge of the space-charge region, rather thaan1th changes in the fefmi
level in the bulk, since the bulk effects would not depend on the measurement
frequency. |

Now, referring to the figure, we see that the freeze-out results in a net
loss of acceptors. - The cérreéponding emissfbn pfocess is that of holes, so
that we are left with the term in cp. The term in Ch would have been kept
instead, if there had been a net gain of acceptors upon freeze-out. Fina11y;
then, |

T =»1/¢pp] = 1/c N expl-6(E4-E )], (4)
where Nv is the effective density:of states in the valence band, 8 = 1/kT, and

Ed—EV is the height of the defect energy level above the valence band.
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If we define a cutoff frequency fc as the frequency at which N is halfway
between the high and low limiting values, we recognize that fc is of the order
of 1/1. (It is difficult to define fc more exactly here, because of uncertainty
in the degeneracy factor of the transition, oput it is probably appropriate to
within a factor of 2, and in any event will not matter much in the evaluation
immediately following.)

If we now read fc at two temperatures, we obtain

f N .
cl - vl
= 7 exp (E,-E )(8,-8)
fc2 NV2 d v 2 71
or
f i
1 cl vl

AE = (E,-E ) = [in - Tn 71. (5)

d v B84 fc2 Nv2

Since NV does not vary rapidly with temperature we expect roughly equal spacing
of the freeze-out curves for equal ratios of frequencies, which is apparently
true in the figure. From these curves, AE = .27 ev. This corresponds to a very
well known radiation defect just below .3 ev above the valence band in irradiated
silicon, suspected to be the divacancy.

The capture constant cp and the capture cross-section o = Cp/vth’ where

, Y
Vin is the electron thermal velocity, may be evaluated from each freeze-out
curve. The value calculated depends on the definition of fc, and so is of Tlimited

accuracy pending further study of the degeneracy, or determination of t directly.

Values calculated for 9, are 1.7x10_]4 cm2 at 193°K, 2.5x10_14 cm2 at 170°K, and
2.7x10" "% i at 153°K. These values may De compared with 3x107 1% cn? measured
11 -13 . 2 12

by Vavilov et.al. at 100°K, and with 8x10 cm” measured by Wertheim."™ The
latter value, however, was referred to room temperature under the assumption
that cp is indendent of temperature and therefore is not directly comparable.

Again, our values are only preliminary and tentative. The above measurements
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serve to illustrate that this technique is in reasonable agreement with other
reported techniques, when comparison is made on a rather well-known defect 1eve].
The capacitance technique will be applied in the future to 1lithium-doped

irradiated silicon.

C. Diffusion Sources

A series of diffusion experiments have been.performed to evaluate the use-
fulness of LiA]H4 as a diffusion source. The material was used in the form of
a 5 molar solution in diethyl ether. The silicon wafers were painted with a
thick coating of solution. The first problem involved in use of this material
is the evaporation of the solvent to obtain a uniform coating of the hydride.
There is a strong tendency for the coating to bubble in some areas. A second
problem is the tendency of the hydride to easily oxidize. The oxidation problem
was eliminated by evacuating the diffusion furnace before heating. The one clear
advantage of this material is lack of physical attack of the silicon surface
which is common with a lithium-mineral oil paste. The surface of the hydride
diffused wafers remained flat with no pitting and the residue is easily removed.
During the initial work it was not possible to produce any surface concentrations

17 Li atom/cma.

in excess of 10
In subsequent work, all the heating for decomposition of the hydride and
diffusion of 1ithium was done under a dry nitrogen atmosphere. This change
eliminated all oxidation problems and permitted much higher 1ithium surface
concentrations to be achieved. As mentioned in other sections of this report,
this material was used to saturate silicon with Tithium for use in carrier
removal studies. In these diffusions the surface concentrations achieved were

roughly equal to the equilibrium Tithium solubilities for the diffusion temperatures

used. A sample of the L1'A1H4 solution was furnished to Centralab for evaluation



- 46 -

in cell manufacture. The initial cells showed much reduced surface pitting
attack and a slightly Tower surface concentration when compared to those

produced with Tithium paste.

D. Other Solar Cell Structures

Since n/p solar cells are inherently more radiation resistant than p/n ceils,
it would be highly desirable to incorporate the advantages of lithium annealing
into the n/p cell. Two different approaches to this problem have been attempted.
The first method involved the diffusion of lithium into p-type silicon to form
a p-n junction. Since the concentration of lithium in the bulk of the cell must
remain below that of the acceptor concentration, 0.1 ohm-cm p-type silicon was used.

In such a material the lithium concentration could rise to 10" on3

without any
danger of changing to n-type. In thié Wﬁ&'ft was possible to maké devices of
very low photovoltaic efficiency. When these devices were irradiated they
degraded and did not show any room temperature recovery. Since the available
time dfd not allow more than a cursory study, their results are not conclusive.

A second approach was attempted by removing the back contact of 1 ohm-cm
n/p solar cells, and diffusing lithium into the cells from the back. After
Tithium diffusion the back contacts were reapplied. Unfortunately the resulting
device had very high series resistance as a result of the 1ithium diffusion.
Because of this problem no radiation evaluation was attempted. Further work in
this field should be preceded by a systematic study of lifetime in irradiated
p-type silicon counterdoped with 1ithium. Such work would establish the value of
lithium in the p-type device. If such work indicated that Tithium was desirable,
the more complicated problem of putting lithium into a p-type cell structure

could be approached at a later time.
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V. NEW TECHNOLOGY

No items of new technology are reportable for this program.
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Lithium
Source

Paint-on
Paint-on
Paint-on
Paint-on
Paint-on
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Paint-on
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Paint-on
baint-on
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Paint-on
caint-on
Paint-on
Paint-on
Evaporated
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Evaporated
Evaporated
cvaporated
Evanorated
gLvanorated

Base Material

Mat'l
Type

Cruc
Cruc
Cruc
r.Z.
Cruc
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Cruc
Cruc
Cruc
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Cruc
F.Z.
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Resistivity
Q-cm
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FIG. 79 MOBILITY CHANGES DURING IRRADIATION AND ANNEALING, F.Z.
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FIG. 80 MOBILITY CHANGES DURING IRRADIATION AND ANNEALING, Q.C.
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FIG. 88 TOPOGRAPH OF LI DOPED F. Z. SILICON (0.1 ohm-cm). AS RECEIVED
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FIG. 85 TOPOGRAPH OF LI DOPED F. Z. SILICON (21 ohm-cm),
AFTER 18 HRS. AT 400°C, SLOW COOLED
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